ABSTRACT Oil spillage pollution results in damages to marine and coastal environments and ecosystems at all levels. Due to the distinct advantages of fully polarimetric synthetic aperture radar (Pol-SAR), it has been widely employed to improve oil spillage event observations. In this paper, with the aim of enhancing ocean oil spillage identification, an improved scheme was proposed, which was mainly based on an active contour model (ACM), with a special emphases on choosing an optimal initial box boundary for the ACM model, and a noise suppressing process. In this proposed scheme, the ACM initial box boundary was chosen to be the median level contour of the imagined mountain if regarding image grey values as elevations. Meanwhile, following Lee filter operator, a Gaussian smooth operator was hired to further weaken the speckle noise, thereby making the evolution of ACM more stable. Three sets of RADARSAT-2 fully Pol-SAR data were used to test of the proposed method. In addition, the current study achieved the first complete comparison of the identification abilities of the ten most common recently used fully Pol-SAR features for oil spills. The experimental results show: 1) The features of H; v; span; P; M 33 ; and ρ possessed good distinguishable abilities for oil spillage detection in sea water. Specially, features span and v outperformed other Pol-SAR features with regard to the elaborate distinguishing identifications of small patches of oil spill objects from other small objects, such as oil platforms or ships; 2) An appropriate setting of the initial box boundary of the ACM was able to accelerate the global search, and eventually led to improvements in the accuracy of the oil spill identification, while simultaneously reducing the computational time; 3) The effective noise suppression was confirmed to be very necessary, guaranteeing stability of the ACM evolution. When compared with other traditional methods, the proposed improved scheme was found to be more effective in the overall identification accuracy (99.8%).
I. INTRODUCTION
The detection of oil spillage slicks on sea surfaces has attracted considerable attention recently due to the potential endangerment to marine ecosystems and environments, fisheries, wildlife, and other societal interests [1] - [11] . It has been determined that synthetic aperture radar (SAR) can provide valuable synoptic information regarding the position and size of a particular oil spill under moderate wind speeds (4 to 12 m/s) and weather conditions [1] , and independent of day and night conditions [12] . Meanwhile, in recent years, with the development of the polarimetric technology of the SAR, opportunities have been presented to obtain extra information provided by the polarimetric SAR (Pol-SAR) data which can improve the identification abilities of the scattering behaviors of distinct objects on the sea surface [1] , [13] , [17] , [18] , [21] - [22] . A fully polarimetric Pol-SAR transmits and receives two orthogonally polarized fields. Therefore, it can obtain the scattering behaviors of each image pixel [1] , [23] - [29] . Previously, Migliaccio used a polarimetric decomposition theorem to confirm that the polarimetric SAR can effectively detect oil spillages [1] , [2] . To date, many polarimetric models and features have been proposed [1] , [7] , [8] . In particular, some coefficients derived from the fully polarimetric SAR have been presented [1] , such as the co-polarized phase difference [1] , [7] ; geometric intensity and magnitude of co-polarization correlation coefficients [1] , [8] ; conformity coefficients [15] ; pedestal heights [24] ; degrees of polarization [25] ; and the Muller filter [27] . The previous related literature [1] , [29] has summarized the most widely used fully Pol-SAR features which have been recently proposed. Over the past few years, the development of an effective automatic oil spill identification method using fully Pol-SAR feature images has always been a longstanding research goal [30] , [31] . However, a common simple threshold segmentation method obviously could not meet these requirements. The reason for this was that in fully Pol-SAR feature images, some of the pixels of the sea water appear as similar images at a tone gray level as oil spill pixels, which may cause a threshold-based segmentation method to mistakenly divide some water pixels into oil spill types. As a result, the accuracy of the identification precision of the oil spillage locations will be reduced. This also demonstrates that threshold-based segmentation methods have weak abilities to resist background noise. In addition, a threshold-based segmentation method often will produce discontinuous boundaries of oil spill slicks, which would make it difficult to retain the intact boundaries of oil spillage strips. The determinations of the accurate locations of the spillage boundaries provide very useful information for the geometric morphology descriptions of oil spills. Also, it assists in the judgements for discriminating oil spills from bio-oil spills. The latter tends to often appear with more irregular boundaries in fully Pol-SAR feature images. In order to solve the above-mentioned issues, this study proposed a new scheme to improve the oil spill identification performance based on fully Pol-SAR feature images via an improved Active Contour Model (ACM). The ACM is a classical spatial continuous method, which originated from a curve evolution model [32] - [34] . The algorithm proceeds from an initial evolution curve, with a curve evolution process driven by the interaction of the external binding force and the image internal force [35] - [38] . The ultimate evolution curve stops at the edge of an image and realizes the object segmentation until the convergence condition is satisfied [39] - [45] . The AC method, which is the most well-known one of ACM [33] , [46] - [48] , has been perceived to be outperforming other deformable contour models due to its distinct advantages as follows: 1) The AC method is an implicit representation model without curve surface parameterization; 2) Under an AC framework, the evolution curve or surface has been found to naturally handle the topological changes; 3) The AC method has the ability to effectively reduce the convergence times of the evolutionary curves; 4) The AC method is supported by a mathematical theory, and the properties of the evolutionary contours (normal vector and curvature) can be precisely calculated [33] . However, the initial box boundary setting is an important factor which may affect the convergence efficiency of an AC model. The currently used setting methods of the initial box boundaries often select arbitrary circle or rectangle boundaries, which often leads to reductions in the models' running efficiency, as well as increased computing time. Therefore, this study proposed a new setting method for the initial box boundaries of an AC model in order to improve the efficiency of the models.
The objectives of this research study were as follows: (1) To completely compare the imaging characteristics of the ten most commonly used fully Pol-SAR features for oceanic oil spill identification, and then determine which feature was the most suitable when selecting them as input of the classifier; (2) To investigate the superiority of the ACM (in regard to both anti-noise abilities and the retention of the smooth contours and integrity of the identified oil patches) compared with other often used classifiers such as threshold value segmentation methods (TVS) and the Gaussian mixture model (GMM) method. Also, to propose a better setting method for the initial box boundaries for the ACM in order to speed up the model convergence.
The remainder of this document is organized as follows: Section II details the RadarSat-2 Pol-SAR data used in this study and describes the methodology which was introduced; Section III details the experimental results; and the conclusions obtained in this study are presented in Section IV.
II. DATA AND METHODOLOGY

A. REMOTE SENSING DATA
In this study, three sets of remotely sensed data of the fully Polarimetric Radarsat-2 were used. Tables 1 to 3 There were determined to be oil spillages, water, islands, ships, ship wake, and oil platforms in the images of Dataset 1; there were determined to be oil spillages, water, and oil platforms in the images of Dataset 2; and there were determined to be oil spillages only in the images of Dataset 3.
the images of three sets of datasets [1] . The product type was a SLC (single look complex). The three datasets were all acquired in fine quad-polarization imaging in the Gulf of Mexico [1] . Also, the RADARSAT-2 fine quad-polarization imaging mode provided single-look complex data in HH, VV, HV, and VH channels, with a low noise floor of −35 dB. The space resolution along the azimuth and range directions was approximately 5 m [1] . The study area of Dataset 1 was located SW of New Orleans in the northern Gulf of Mexico, near the mouth of the Mississippi River. In the image, the Mississippi River Delta can be clearly seen [1] . Table 4 summarizes the information on the ten most commonly used fully Pol-SAR features. This study first completely investigated the difference among the features in regard to their ability to accurately observe ocean oil spills. The analysis of this study's results is detailed in the results section of the document. comparison and analysis of the ten most commonly used fully Pol-SAR features. In this section, a comparison of the fully Pol-SAR features was completed for the first time, in order to determine which features were more suitable for the identification of oil spillages in sea water in terms of image tonal contrast, and as well as the distances of the peak values between the water surfaces and oil spills in a probability density function curve. Consequently, important knowledge was obtained with regard to the potentials for oil identification of all of the ten fully Pol-SAR features. The suitable features were then taken as the input of the classifier. The second key part in the scheme was to accurately identify the oceanic oil spillages from background sea water via the improved ACM. This section of the procedure is described in detail in Section II-B-2. Then, the oceanic oil spillage segmentation results were generated based on the proposed method. The accuracy of the identification results were assessed and compared with the following: (1) A threshold value segmentation method (TVS); and (2) A Gaussian Mixture Model (GMM). The effectiveness of the proposed method is estimated in Section III.
In particular, the goal of the proposed scheme was to improve the application of the AC method. The issue of setting the initial box boundaries were also considered in the model. A new setting strategy was proposed in this study, which is described in detail when introducing the ACM. The different impacts of the new setting method, along with the other usual setting methods, on the ACM convergence and computational efficiency are compared and presented in Section III.
In addition, after considering the numerous speckle noises in the Pol-SAR feature images, and their negative impacts on the ACM, it was required to implement a noise suppressing pretreatment. In the proposed scheme, two filtering methods were used. Gaussian filtering was applied after Lee filtering [53] - [57] to make the ACM function smooth and the evolution more stable.
2) INTRODUCTION OF THE ACTIVE CONTOUR MODEL
In this section, the Active Contour Model (ACM) method is described in detail. The ACM was adopted for the detection of the desired boundaries of oil film covered areas. The Active Contour Model was proposed for the feature extractions of the given images, based on the techniques of curve evolution, Mumford-Shah functions for segmentation, and level sets [21] , [32] . Notably, among all of the Active Contour Models, the most well-known is the one proposed by Singha et al. [30] , which is often mentioned as the ''CV model''. It has displayed prominent advantages in implicitly handling topological changes, as well as object extractions without noticeable edges, and low sensitivity to noise [29] , [33] .
A finite differences scheme is typically adopted in ACM for the approximations of the differential operators when numerically solving time-dependent partial differential equations (PDE) at each iteration [41] . However, the noise which may be contained in an image may badly distort such analogous approximations, and result in poor final segmentation effects. Therefore, noise suppression measures are required prior to utilizing an ACM to detect oil spills. Since the well-known Gaussian filtering operator has proven to be a remarkable denoising method, it was adopted in this study to achieve noise suppression and improve the performance of the ACM.
The objective of using the Chan-Vese algorithm was to minimize the energy function F(c 1 , c 2 , C), [16] as defined in Eq. (1):
Where µ ≥ 0, υ ≥ 0, λ 1 , λ 2 > 0 denote the fixed parameters. Also, some of the regularizing terms, such as the length of the curve C, and (or) the area of the region inside C, guaranteed the boundary smoothness. Meanwhile, the last two fitting terms indicated the potential energy formed by the intensity difference between the image background, and the averages inside curve C and outside C, respectively. Therefore, instead of searching for a solution in terms of C, the segmentation problem could be redefined in the level set formalism. In the level set method, C ⊂ is represented by the zero-level set of a Lipschitz function,ϕ : → , as defined by Eq. (2):
Fig . 3 illustrates the above assumptions and notations on the level set function φ which defined the evolving curve C. Then, by using the Heaviside function H ε , and the onedimensional Dirac measure δ ε , respectively, Eq. (3) could be implemented.
The energy functional could then be written as Eq. (4):
Then, by keeping ϕ fixed, and minimizing the energy F ε (c 1 , c 2 , ϕ) with respect to the constants c 1 and c 2 , it was easier to express these constant functions of ϕ using Eqs. (5) and (6) as follows:
F ε was minimized with c 1 and c 2 fixed leads to the associated Euler-Lagrange equation for ϕ.
The descent direction was parameterized by using an artificial time t ≥ 0, and the equation in ϕ(0, x, y) was rewritten as Eq. (7):
Where n denotes the exterior normal to the boundary ∂ , and ∂ϕ/∂ n denotes the normal derivative of ϕ at the boundary.
The length parameter µ had a scaling role. For example, if all or as many objects as possible of any size were required to be detected, then µ should be small, whereas µ must be larger if only larger objects needed to be detected.
In each step, a standard procedure was to reinitialize the signed distance function to its zero-level curve. This procedure prevented the level set function from becoming too ''flat'', which was a type of blurring effect caused by the use of the regularized delta function δ ε (x). The initialization proceeded by solving an evolution equation, as detailed in Eq. (8):
The behavior of the level set evolution in the Active Contour model is illustrated in Fig. 4 . The pseudo code is described in Table 5 .
Furthermore, the ACM had the ability in theory to gradually terminate at the boundaries of the interested areas starting from any arbitrary initial shapes. However, more superfluous computation may need to be involved if adopting an arbitrary inappropriate initial box border which is far away from the final converged boundary. As there are only two main object categories (seawater and oil film) involved in the segmentation, the initial box boundary can be set as the contour line of the mountain surface lifted by the grey-scale image values at the median height level given by Eq. (9) in the proposed scheme in order to drastically reduce the computation amounts: 
III. EXPERMENTAL RESULTS
A. COMPARISON AND ANALYSIS OF THE FULLY POL-SAR FEATURE IMAGES
In order to comprehensively compare and analyze the separable abilities of the fully Pol-SAR features, this study calculated the ten most common features and presented them in gray level images, shown in Fig. 5 . The formula of these features were then summarized, as detailed in Table 4 . The probability density curves of each of the Pol-SAR features are also shown in Fig. 7 , in order to quantitatively demonstrate the discrimination abilities of each feature in regard to the oil spillages and the sea water. As detailed in Fig. 5 , the differences in the contrast degrees of the image tones between oil spills and sea water could be intuitively be seen in each feature image. Then, by observing the image tones, it could be determined that the identification abilities varied in the different fully Pol-SAR features. It is well known that ground object type classifications in remote sensing imagery are mainly based on the differences between their feature values in the images. Generally speaking, the feature values of the pixels of the same object type will be similar. In contrast, different object types will possess different feature values. The more different the feature values are between objects, the higher the probability of accurate classifications will be [1] . As can be seen in Fig. 5(a) , it was observed that the span, v, M 33 , and H made the oil spills stand out from the sea water very well. However, the ρ, CPD, and A could not cause the oil spillages to be prominent from the sea water due to the weak contrasting degrees between them. Fig. 5(b) shows a rule similar to Fig. 5(a) . However, in Fig. 5(c) , the feature ρ seemed to have improved its discrimination ability. Meanwhile, features CPD and A still had not improved.
In particular, in the image of feature A, a small patch of oil spill in the lower left part of the figure, looks very obscure. As a result, it was difficult to successfully differentiate it from the water. VOLUME 6, 2018 In general, it was found that the fully Pol-SAR CPD and A features presented unsatisfactory separating abilities in the three sets of datasets.
In order to further quantitatively illustrate the separable degrees of the various features in regard to the oil spillages and sea water, this study drew a probability density curve, as shown in Fig. 7 . In the curve, the X-axis denoted the feature value, and the Y-axis denoted the total number of pixels under the corresponding feature value. In actuality, Fig. 7 shows the probability density distribution of the oil spills and sea water in the region of interest (ROI), shown in Fig.6 , under the conditions of a one-dimensional feature space. Then, by observing the separable degrees of the peak values between the oil spills and the sea water, it was distinctly found that the features CPD and A took on an almost complete overlapping peak value between the oil spills and the sea water. Furthermore, it was noticeable that the closer the peak value distance of the features between the oil spills and the sea water were, the poorer the observed discrimination abilities of the features would be. Figs. 7(a), 7(b), and 7(c) show that the overlaid areas of the probability density curve of the fully Pol-SAR CPD and A features were significantly larger than the other features. These finding quantificationally revealed the weak contrast degrees in the image tones between the oil spills and the sea water, as previously detailed in Fig. 5 . Furthermore, the intersecting part of the probability density curve displayed the possibility of mistaken classifications between the oil spills and the sea water in a one-dimensional feature space [1] . The probability of classification errors was highly related to the overlaid degree between both of the objects. In other words, the errors were related to the intersecting areas. This indicated that any simple threshold value method would inevitably result in some misclassifications between the oil spills and the sea water, in which the pixel values of the features were located inside of intersecting areas in the probability density curve [1] .
After considering that there will almost certainly be an intersection of the probability density curve between the oil spills and the sea water areas, this study sought to use a more advanced segmentation method, rather than a simple threshold value segmentation method, in order to improve the accuracy of identification between the oil spills and the sea water. In this study, an improved active contour model to enhance the identification process was proposed.
As described in the above analysis, with the exceptions of the CPD and A, other fully Pol-SAR features appeared to have higher separating abilities for the oil spills and the sea water. In addition, among these features, the span and v also displayed some subtle distinguishing abilities for small objects, such as boat wakes and oil platforms, which can be more clearly seen in the enlarged images. The upper image of Dataset 1 (Fig. 8 ) manifested significant differences between the spillage areas and the oil platforms, as well as ships in the area. The oil spills appeared as dark stripes in the background water, while the platform shown in rectangular box 1, and the ship in rectangular box 4, were clearly highlighted from the background water, especially in the v image. This suggested that the span and v had good identification performances for the oil spills when other small objects were also in the images. Similarly, the left bottom of the Dataset 2 image (Fig. 8 ) also shows that the span and v features had good distinguishing abilities between the oil spill areas and the platforms. These two types of objects appeared to have opposite image tones. For example, the oil spills appeared as dark strips, while the platforms looked much brighter. These tone differences can be clearly seen in the enlarged rectangular boxes 7 and 8 in the span image, and rectangular boxes 9 and 10 in v image. In this study, by comparing all ten feature images shown in Fig. 5 and observing the details in Fig. 8 , it was determined that the span and v features possessed better discrimination abilities for the oil spills, platforms, boats, and so on, than other examined features. Therefore, it was concluded that these two features should be recommended first as the input of the classifier in this study's proposed scheme.
B. IMPACTS ON THE MODEL RUNNING EFFICIENCY OF THE APPROPRIATE SETTING OF THE INITIAL BOX BOUNDARIES OF THE ACM
In this study's proposed scheme, an appropriate initial box boundary setting method was proposed. The value was set as being equal to the median of all the values of all the pixels in the fully Pol-SAR images. Eq. (9) details the mathematical introduction of the settings. The experimental VOLUME 6, 2018 FIGURE 7. Probability density curves of the oceanic oil spillages and sea water in the region of interest in a one-dimensional feature space: (a) Dataset 1. results based on the three sets of fully Pol-SAR data in this study showed that it was able to effectively speed up the convergence of the ACM's oil spill boundaries in the area of interest. It was observed from Fig.9 that when the ACM reached a convergence status, there were distinct differences between the appropriate settings of initial box boundaries proposed in this study, and the arbitrary settings in terms of the iteration and computational time frames, as summarized in Table 6 . It could be seen that the different initial box boundary setting methods required different iteration and computation time frames to arrive at the convergence status of the model. This study's setting method only required approximately a 300 times iteration, and consumed merely 0.75 minutes during the entire process, which greatly improved the model's running efficiency. Meanwhile, for the arbitrary setting method, taking the required circular and rectangular initial box boundary settings as examples, required 8000 times iteration and 13.5 minutes, and 7500 times iteration and 12.5 minutes, respectively. It was apparent that the convergence speed with an optimal initial box boundary had completely outperformed that with the arbitrary initial box boundary. Therefore, as was expected, the appropriate initial box boundary setting greatly reduced the computational time, and increased the convergence effect. The experimental results confirmed that the appropriate setting of the initial box boundaries played an important role in the results of the ACM. Also, an optimal initial method was found to improve the ACM results for specific applications in oil spill detection processes.
C. NOISE SUPPRESSION RESULTS FOR THE FULLY POL-SAR FEATURE IMAGES
This study took into consideration the numerous speckle noises existing in the Pol-SAR feature images, and the negative influences on the algorithm stability of the ACM. Therefore, it was certain that a pretreatment for noise suppression was required. This was implemented well by a Gaussian filter method after Lee filter in the proposed scheme. The experimental results of the two datasets are shown in images Figs. 10(a) to 10(d). There were significant differences observed in the convergence results of the ACM with and without noise suppression. The boundaries of the oil spillages which were detected by the ACM are detailed in Figs. 10(b) and 10(d) . It can be clearly seen that the images with the noise suppression pretreatments were smoother and more continuous than those detailed in Figs. 10(a) and 10(c), which did not have the noise suppression pretreatments. After further observations of the images shown in Figs. 10(a) and 10(c) , it was determined that although model had run to the 200th time and had basically reached convergence, there were still large numbers of small patches which should have be classified to sea water. However, these had been mistakenly identified as oil spillages due to the presence of the speckle noises in the VOLUME 6, 2018 SAR feature images. These noises added negative disturbance factors into the classifier, which resulted in the classifier not being able to precisely distinguish the oil spills from the sea water. This eventually reduced the identification accuracy of the oil spills. However, as can be seen in the images of Figs. 10(b) and 10(d), when the model reached convergence, the star-ever studded speckles which had appeared in large quantities in Figs. 10(a) and 10(c) were almost non-existent. These experimental results confirmed that speckle noise suppression pretreatments had provided to some extent a good guarantee for the ACM to obtain an ideal convergence, which eventually significantly contributed to the improvements of the detection accuracy of the oil spills in the area of interest in this study. 
TABLE 8.
Comparison of classification accuracy of oil spill using filtered Pol-SAR features by ACM with respect to different Gaussian filtering parameters (data 1).
TABLE 9.
Comparison of classification accuracy of oil spill using filtered Pol-SAR features by ACM with respect to different Gaussian filtering parameters (data 2).
The equivalent numbers of looks (ENL) is commonly used to measure the speckle suppression of different SAR/OCT image filters. When the ENL value is bigger, it indicates the image is smoothed well. The equation of the ENL is rewritten as Eq. (10) [53] .
Where µ denotes the mean of image, σ denotes the standard deviation of image. Filtering effectiveness assessment via ENL method was summarized in Table 7 . It can be known that the proposed filtering method (Lee + Gaussian) outperformed the method only using Lee filtering. Tables 8 and 9 showed the comparison of identification accuracy of oil spill with filtered Pol-SAR features by ACM in respect to different Gaussian filtering parameters. It can be explicitly seen that 1: The classification accuracy of the images with Gaussian filtering was always higher than that without Gaussian filtering; 2: When applying the Gaussian filtering, and σ = 2, the OA and Kappa coefficient achieve the highest value in both data 1 and data 2 experiments. Therefore it can be convinced that that σ = 2 is a more suitable parameter setting when conducting a Gaussian filtering to suppress the noise in the Pol-SAR feature images.
D. CLASSIFICATION RESULTS AND ACCURACY ANALYSIS
This study's experimental results of the oceanic oil spill identification using Datasets 1 to 3 (via three classifiers: an improved ACM, GMM, and TVS) are summarized in Tables 10 to 12 . The classified images based on the ten fully Pol-SAR features are shown side by side in their entirety in Figs. 11 to 13. Table 10 and Fig. 11 detail the identification results which were obtained using Dataset 1. It was found that on one hand, from the perspective of the classifier, the improved ACM method came close to achieving the highest classification accuracy among the three methods. It was determined that with the improved ACM as a classifier, with the exception of the cases of A and CPD being the input of the classifier, the other fully Pol-SAR features all presented satisfactory identification performances, as can be seen in Fig. 11 . Meanwhile, when the GMM [43] and TVS were the classifiers, the span, v, M 33 , and all of the other seven fully Pol-SAR features did not achieve the desired identification effects. This was mainly due to large amounts of sea water pixels being mistakenly classified as oil spillages, which had consequentially reduced the identification accuracy. The results of these three groups of experiments confirmed that the ACM method was more suitable for oil spill identification than the other traditional classifiers. On the other hand, with regard to the fully Pol-SAR features, it was observed that the v, span, and M 33 consistently displayed superior identification abilities when compared with the other features. Therefore, as expected, features A and CPD presented weak identification abilities when compared to the other features, which agreed with the aforementioned analysis results. Table 11 lists the classification results of Dataset 2. These results also indicated that the ACM method had greater ability in enhancing the identification accuracy of the oil spills. When the v, span, M 33 , P, ρ, andᾱ were the input of the classifier, the ACM method achieved higher classification accuracy than the GMM and TVS. It is also worth noting that when feature A was the input of a classifier, the ACM method VOLUME 6, 2018 tended to present very weak discrimination abilities for the oil spills. Nevertheless, the GMM and TVS had completely failed to distinguish the oil spills from the sea water and had obtained an identification accuracy of less than 50%. Fig. 12 illustrates the identification results of Dataset 2, which also confirmed that the ACM had outperformed the other two classifiers. Table 12 lists the classification results of Dataset 3. These results proved once again that the ACM method had consistently outperformed the other two classifiers in enhancing the identification accuracies in the majority of the cases when the features were the input. Fig. 13 shows that, although the GMM and TVS methods were able to distinguish the oil spills from the sea water to a certain degree, many sea water pixels had still been wrongly identified as oil spills, especially when A was the input of the classifier.
Overall, the classification results of the three sets of datasets showed that the ACM classifier could dramatically improve the identification accuracy of oceanic oil spillages and had presented a strong ability for resisting background noise. The fully Pol-SAR features A and CPD displayed relatively weak discrimination abilities for the oceanic oil spillages and sea water, which completely corresponded to the aforementioned analysis results based on the probability density curve.
In this study, after carefully observing the subtle detailed parts in the identification images, some interesting phenomena were observed. For example, as can be seen in Fig. 14(a) , there was an oil platform in the top right-hand corner, and also a ship dragging an obvious wake in the lower right-hand corner of the image. Although these objects were both distinctly not oil spills, only the fully Pol-SAR feature span and v had successfully discriminated them. Meanwhile, all of the other eight fully Pol-SAR features could no correctly detect the objects, which demonstrated that the span and v had superior abilities in discriminating oil spills from objects such as oil platforms and ships. In particular, in both feature v images, the oil spills were exhibited as dark patches. In contrast, the oil platform and ship both appeared as bright patches. These results confirmed that the feature v had the ability to discriminate objects containing some metal components. In Fig. 14(b) , there are two small oil spill patches shown in a yellow rectangular box. They can be seen more clearly in the blue enlarged rectangular boxes (tagged as 7 and 8) in feature span image and (tagged as 9 and 10) in the feature v image. These two small oil spill patches were easily discriminated from the adjacent oil platforms, which appeared as bright patches in both the span and v images. These identification results confirmed that the fully Pol-SAR feature v possessed better discrimination abilities for oil spill when other objects such as platforms and ships were present in an area.
It was found that the fully Pol-SAR features span and v had the abilities to distinguish between different image characteristics (for example, oil spills from other objects such as ships and oil platforms), which could potentially lay solid foundations for accurate oil spill identifications. In addition, the improved ACM was determined to be a better classifier, which could significantly contributed to the eventual high precise classification of oceanic oil spillage, and the successful distinguishing of oil spills from other objects in images, such as the sea water, ships, wakes of ships, platforms, and so on, when compared with other conditional classifiers. The experimental results with the three sets of fully Pol-SAR features confirmed that the improved scheme included three main points which would eventually lead to successful identifications of oil spills. First, it employed a good classifier (an enhanced ACM) with effective global search properties, which was combined with an optimal initial box boundary setting. The second key point was it could successfully carry out noise suppression by utilizing a Gaussian filter method before executing the classification process, which was found to provide a good guarantee for the ACM to accelerate the convergence process. The last key point was the selection of the most effective fully Pol-SAR features (such as the span and v) as the classifier input of the improved ACM. This selection was based on a completed comparison of the ten fully Pol-SAR features in terms of their individual abilities to distinguish oceanic oil spillages from sea water. In particular, the identifications of subtle oil spills in small patches from the small disturbance patches caused by other objects, such as ships and oil platforms, were noted.
IV. CONCLUSIONS
Oceanic oil spillages pose threats to marine life-forms at all levels of the ecosystem [28] . Modern SAR satellites offer a number of advantages for the detection and monitoring of marine oil spills. With the continued development of polarimetric technology, fully polarimetric synthetic aperture radar data has been increasingly exploited for enhancing oil spill identification during the past few years [1] . In this study, an advanced identification scheme was proposed. The proposed scheme was mainly based on an improved Active Contour Model (ACM). The goal of the scheme was to enhance the identification results of oceanic oil spillages in fully Pol-SAR imagery. Experiments were undertaken using three sets of RADARSAT-2 fully Pol-SAR data, for the purpose of demonstrating effectiveness of the proposed approach. The main contribution of the results of this study can be summarized as follows:
Systematical and comprehensive investigation of the differences in the presentation abilities of ten commonly used fully Pol-SAR features for the discrimination of marine oil spills illustrated that the H, v, span, P, M 33 , and ρ features possessed better distinguishing capabilities for oil spills from sea water due to their relatively higher contrasts of grey levels in the images. However, the A and CPD feature displayed less successful distinguishing results. In particular, it was observed that the span and v features outperformed the other eight features in regard to the identifications of small marine oil spill patches when other small objects, such as oil platforms and ships, were also in the images.
Effectiveness of the improved Active Contour Model with an optimal initial box boundary was validated with satisfactory experimental results. We found that an optimized setting of the initial box boundaries was helpful in approximating the feature boundaries of the areas of interest. As it not only saved a large amount of computation time, but also improved the classification accuracy. Meanwhile, in the proposed scheme, the noise suppression pretreatments prior to segmenting the imagery were found contribute to the avoidance of the distortion of analogous approximations to some extent, and thereby enhancing the segmentation performance.
In this study, the experimental results using three sets of fully Pol-SAR features confirmed that the proposed scheme was significantly effective for the identification of oceanic oil spills. 
